ABSTRACT: Chemical reactions are typically described in terms of progress along a reaction coordinate. However, the quality of reaction coordinates for describing reaction dynamics is seldom tested experimentally. We applied a framework for gauging reaction-coordinate quality based on transition-path analysis to experimental data for the first time, looking at folding trajectories of single DNA hairpin molecules measured under tension applied by optical tweezers. The conditional probability for being on a reactive transition path was compared with the probability expected for ideal diffusion over a 1D energy landscape based on the committor function. Analyzing measurements and simulations of hairpin folding where end-to-end extension is the reaction coordinate, after accounting for instrumental effects on the analysis, we found good agreement between transition-path and committor analyses for model two-state hairpins, demonstrating that folding is well-described by 1D diffusion. This work establishes transition-path analysis as a powerful new tool for testing experimental reaction-coordinate quality.
■ INTRODUCTION
The molecular mechanisms of chemical reactions as varied as bond formation, ligand binding, conformational change, and biopolymer folding are typically conceived in terms of passage through a transition state separating the reactants and products. 1, 2 The coordinate along which the progress of the reaction is measured is known as the reaction coordinate. Ideally, reaction coordinates should capture the essential dynamics occurring during a reaction. However, when the multiple degrees of freedom typical of most reactions are projected onto a single coordinate, such as a convenient experimental observable, the nature of this projection affects the ability to describe the dynamics along that coordinate. "Good" coordinates faithfully reflect the full dynamics of the reaction and allow the likely outcome of a trajectory to be predicted, whereas "bad" coordinates can result in nonMarkovian dynamics, where memory effects degrade predictive ability. 3−5 Whereas it is possible to optimize the choice of reaction coordinate used in computational studies, 6, 7 in experiments the reaction coordinate is typically imposed by the choice of assay used. It is thus essential to be able to assess the quality of experimental reaction coordinates.
The issue of reaction-coordinate quality is particularly acute for studies of structure formation ("folding") in biological molecules like proteins and nucleic acids. Folding is typically described in terms of a diffusive search for the minimum-energy structure in a multidimensional landscape representing the energy of the molecule as a function of all possible conformations. 8−10 Experimentally, monitoring the folding transition along an observable reaction coordinate thus projects the full landscape, with hundreds or thousands of degrees of freedom, onto a single dimension. Although such projections represent a gross approximation, 1D descriptions of folding are widely used, being conveniently simple to implement, and they often appear to be quite successful. 10−19 However, the quality of the reaction coordinate is rarely tested, even though it can have critical implications for interpreting experimental results, and poor reaction coordinates may lead to incorrect conclusions. 20−22 A test of reaction-coordinate quality that was developed specifically for folding reactions is the splitting probability or committor, p fold (x)the probability that when the molecule starts at position x on the reaction coordinate it will reach the folded state before the unfolded state. 23 For a transition involving two states separated by a single barrier ( Figure 1A , black), p fold (x) should be roughly 0 in the unfolded potential well, 1 in the folded well, and 1/2 at the top of the barrier. Committor analysis has been applied in computational studies 24, 25 but rarely in experimental work. Two notable examples involved folding trajectories of single molecules held under tension by a force probe (e.g., atomic force microscope or laser tweezers, Figure 1B) , where the molecular extension was measured as the reaction coordinate. Such measurements are well-suited for judging reaction-coordinate quality because the rare reactive transitions can be readily identified from among the majority of nonproductive conformational fluctuations. Using a tensegrity parameter to check whether p fold = 1/2 at the barrier between the two states, 26 extension was judged to be a reasonable reaction coordinate for optical tweezers measurements of several DNA hairpins 27 and one of the folding transitions in the GCN4 leucine zipper. 28 In contrast, a comparison of p fold (x) calculated directly from the trajectory of one of the same DNA hairpins, as opposed to calculated from the potential of mean force (PMF) implied by the equilibrium extension distribution, disagreed with this conclusion, suggesting that extension was not such a good coordinate. 29 Tests such as these based on p fold provide important insight into the reaction coordinate but suffer from notable limitations. For example, while the requirement that p fold = 1/2 at the barrier is simple to apply, it represents a minimal criterion for a good reaction coordinate: necessary but perhaps not sufficient. Comparing trajectory-and landscape-derived p fold (x) curves requires either assuming that the diffusion coefficient D along the reaction coordinate is constantan assumption often made for simplicity but generally incorrect 7, 14, 30, 31 or else knowing the position-dependent values of D(x) along the entire reaction coordinate, 29 something that is very challenging to determine experimentally.
An alternate approach that avoids these issues was proposed based on the statistics of the transition paths, the fleeting parts of the trajectory where the molecule actually crosses over the barrier and switches between states (Figure 1a, red) . The conditional probability that the molecule is on a transition path when it has extension x, p(TP|x), should be highly peaked around the location of the barrier, x ‡ , ideally reaching a peak of 1/2 at x ‡ . 32 p(TP|x) can be calculated from a folding trajectory in equilibrium using a Bayesian relation between the equilibrium and transition-path ensembles 6,32
where P(x) is the equilibrium distribution of extension values in the complete trajectory, P(x|TP) is the distribution of extension values along only the transition paths (i.e., excluding all nonproductive fluctuations), and p(TP) is the fraction of time in the trajectory spent on transition paths. For pure 1D diffusion, one expects
Transition-path analysis has been applied to computational simulations and models of chemical reactions and protein folding 6, 16 but not yet directly to experimental data. Here we apply it to folding reactions, investigating the quality of molecular extension as a reaction coordinate in single-molecule force spectroscopy (SMFS) measurements. SMFS has been widely applied to folding phenomena over the last two decades, providing exciting insight into the folding of nucleic acids 33 and proteins 34 and a powerful way to probe folding landscapes. 35 However, the quality of molecular extension as a reaction coordinate has been tested only sparsely, 26, 29 even though important questions have arisen in recent years about how to interpret such measurements.
21,35
We first applied transition-path analysis to folding trajectories of the two-state DNA hairpin 30R50/T4 36 ( Figure 1C , inset), attached to kilobase-long handles of double-stranded DNA bound specifically to polystyrene beads held by dual-trap optical tweezers ( Figure 1B ) under constant force. 37 The trajectory of the end-to-end extension ( Figure 1C ) was binned to generate the equilibrium distribution P(x) ( Figure 1D ), revealing two peaks corresponding to folded and unfolded states at low and high extension values, respectively. The transition paths ( Figure 1E , red) were identified as those parts of the trajectory crossing between the boundaries x 1 and x 2 ( Figure 1C, dotted lines) , located between the folded and unfolded states but bracketing the majority of the distance between them. The extension values measured along the transition paths were pooled for all such paths to generate the transition-path distribution P(x|TP) ( Figure 1F) ; p(TP|x) was then calculated from eq 1 ( Figure 1g ). (For details of experiments and analysis, see Supporting Information (SI).)
The result looks only partially successful: Although p(TP|x) is fairly sharply peaked, with a width of 20−25% of the total distance between folded and unfolded states, it peaks at only 0.04, much lower than expected. Naively, this result suggests that extension is a poor reaction coordinate for this molecule. However, this analysis does not take into account the potential effects of additional noise in the data beyond the fluctuations expected from diffusive motion of the hairpin over its intrinsic landscape, such as the extra fluctuations that arise from Brownian motion of the compliant dumbbell (DNA tethers and beads) used experimentally to probe the hairpin. To explore how such instrumental effects alter the result, we simulated a constant-force trajectory of a molecule tethered compliantly to a bead subjected to a constant force ( Figure  2A ), mimicking the experiment as previously described. 38 In this simulation, the folding involves purely 1D diffusion over the landscape illustrated in Figure 2A (inset). The reaction coordinate is thus by definition "good," and the effects of changing instrumental parameters can be explored without experimental complications. Trajectories 40−85 s long containing 2000−3500 transitions each were calculated for tether stiffness k of 0.3, 0.6, and 1 pN/nm ( Figure 2B ) as well as for a simulation with the force applied directly to the end of the molecule (no bead or tether). In each case, the trajectories were analyzed as done for the experimental data, obtaining P(x) ( Figure 2C ), P(x|TP) (Figure 2D ), and p(TP|x) ( Figure 2E ).
Although P(x|TP) has similar features for all four simulations, as might be expected because P(x|TP) depends primarily on the properties of the folding landscape and should be minimally affected by the tether compliance, P(x) has significantly more weight between x 1 and x 2 at lower stiffness values because of the additional fluctuations caused by the increased tether compliance. As a result, whereas p(TP|x) is highly peaked around x ‡ ( Figure 2E , dashed line) when there is no tether, reaching close to the expected value of 1/2 ( Figure  2E , top panel), the amplitude of this peak is suppressed as tether compliance is increased, with the effect increasing as k decreases( Figure 2E , bottom three panels). Because these simulations involved purely 1D diffusive motion, for comparison we calculated Φ(x) = 2p fold (x)[1 − p fold (x)] from the simulated trajectories ( Figure 2E, orange) . Notably, p(TP|x) agrees well with Φ(x) for the simulation without tether and is not bad for the high-k simulation, but the agreement is not very good for the lower-k simulations, indicating that the tether compliance can indeed have a significant effect.
Because the instrumental compliance affects p(TP|x) primarily by adding extra statistical weight to P(x) in the transition region, owing to the additional fluctuations of the tether/bead system, it should be possible to correct for the compliance effects by using the "intrinsic" molecular extension distribution, P i (x), that would be expected in the absence of such extra fluctuations. To demonstrate that this is indeed the case, we calculated P i (x) for the simulated trajectories directly from the folding landscape imposed in the simulation ( Figure  2A , inset) based on Boltzmann statistics and used it to replace P(x) in eq 1; p(TP|x) was also renormalized after this substitution. (See the SI.) The resulting corrected transitionpath probability was indeed highly peaked around x ‡ for all values of k, agreeing reasonably well with Φ(x), as expected for purely diffusive 1D motion ( Figure 2F ).
Having established how to account for instrumental effects in the analysis, we applied the correction for compliance effects to the experimental data, calculating P i (x) ( Figure 3A , black) by empirical deconvolution of the equilibrium extension distribution ( Figure 3A, gray) , as described previously. 27 After correction, p(TP|x) reaches a maximum of ∼0.45 ( Figure 3B , black), close to the expected maximum of 0.5, at an extension that is close to x ‡ ( Figure 3B , dashed line) as found from the deconvolved energy landscape ( Figure 3B , dotted-dashed line). Calculating p fold (x) from the trajectory via eq S1 (SI), p(TP|x) is also seen to agree fairly well with Φ(x) (Figure 3B , orange). Molecular extension is thus validated as a good reaction coordinate for the hairpin folding.
To ensure that this result was not specific to the choice of hairpin, we repeated the analysis for measurements of another two-state hairpin with a different sequence, 20TS06/T4 ( Figure  4 ), which has a qualitatively different landscape profile. 27 When the observed equilibrium extension distribution ( Figure 4B , gray) was used for the transition-path analysis, neglecting compliance effects, p(TP|x) was found to be much too low ( Figure 4C , gray) and moreover peaked a few nanometers away from x ‡ ( Figure 4C , dashed line), as determined from the deconvolved energy landscape ( Figure 4C, dotted-dashed line) . However, using instead the deconvolved distribution P i (x) ( Figure 4B , black) to calculate p(TP|x) (Figure 4C, black) , the transition-path probability agreed quite well with Φ(x) ( Figure  4C , orange), peaking near 0.5 close to x ‡ , as would be expected for a good reaction coordinate. Both hairpins thus demonstrate close to ideal 1D diffusive behavior.
Methods for testing reaction-coordinate quality such as transition-path and committor analyses have been applied primarily to simulations, even though experiments would benefit significantly from knowing whether the recorded observable represents a good reaction coordinate. As a result, the considerations involved in applying these methods to experiments have been minimally explored. Our work underlines that it is essential to consider how the experimental apparatus affects the measurement when assessing the quality of the reaction coordinate because tests such as the transition-path probability are sensitive to features of the measurement, such as experimental noise, that should not intrinsically have any bearing on the question of reaction-coordinate quality.
Intuitively, a good reaction coordinate is one where the projection of the full landscape results in folded and unfolded states that are well separated in x, such that x ‡ is occupied only along the transition paths; in contrast, projection onto a bad reaction coordinate results in overlap of the states, such that the state at x ‡ (folded, unfolded, or transition path) is uncertain. Adding experimental "noise" to the trajectory, however, may cause states that are intrinsically well-separated to overlap. Even though such overlap makes the reaction coordinate appear to be bad, the noise has clearly not changed the nature of the projection onto the reaction coordinate nor thus the true quality of the reaction coordinate. Only by measuring the noise added by the instrument and removing its effects does one get an accurate view of the reaction-coordinate quality. Although we have illustrated this issue with SMFS measurements, these considerations are not limited to such measurements but should apply quite generally.
Turning to the outcome of our analysis of DNA hairpin folding, the excellent agreement found between p(TP|x) and Φ(x) after accounting for instrumental effects represents a quite remarkable result: the folding dynamics of these hairpins are quantitatively what one would expect for ideal diffusion in 1D. There are reasons to believe that low-dimensional descriptions of folding can be appropriate, 39, 40 and the zippering mechanism expected within single duplexes is especially simple compared with more complex tertiary structures and thus amenable to such an approach. Nevertheless, loop formation, a key step in forming the transition state for hairpin folding, 36 is not obviously a 1D process, given the many degrees of freedom involved in aligning the backbone torsional angles to bring the first few bases in the stem into contact to form basepairs. It is thus somewhat surprising that the folding matches ideal diffusion in 1D as well as it does. Previous work showing that the kinetics of hairpin folding measured under tension fit well to 1D diffusive models 41, 42 supports the notion that hairpin folding is well-described as 1D, but our transition-path results represent a more direct demonstration of ideal 1D diffusive behavior.
A crucial question for future work is whether this 1D behavior extends to more complex molecules than DNA hairpins, which are a particularly simple model system for studying folding. Transition-path analysis could be applied just as well to SMFS measurements of the folding of proteins with complex tertiary structure, 17, 43, 44 and it will be instructive to see if these are equally well-described by 1D diffusion. The same kind of analysis could also be adapted to other assays of folding, such as fluorescence spectroscopy, to probe whether the assay geometry (e.g., imposition of a favored axis via an applied force or choice of dye location) affects the result. Experimental applications of transition-path analysis can thus help determine whether 1D diffusion really is universal in folding transitions, a question with profound implications for understanding the folding problem.
It is important that the trajectories be sampled sufficiently rapidly to acquire enough data along the transition paths for meaningful statistics to apply transition-path analysis effectively to experiments. The effects of the instrument on the measurement should be understood well enough to allow them to be accounted for in the analysis (as here, with deconvolution of compliance effects). Ideally, measurements should also be made passively in equilibrium to avoid artifactual dynamics that may result from such sources as active feedback loops. 45 Because these requirements are not overly restrictive, we expect this type of analysis to become a powerful tool for informing interpretation not only of folding measurements (e.g., from choosing the best location for applying force to a molecule 21,22,44 to comparing results from different assays) but also of other types of reactions.
